Juvenile social experience is crucial for the functional development of forebrain regions, especially the prefrontal cortex (PFC). We previously reported that social isolation for 2 weeks after weaning induces prefrontal cortex dysfunction and hypomyelination. However, the effect of social isolation on physiological properties of PFC neuronal circuit remained unknown. Since hypomyelination due to isolation is prominent in deep-layer of medial PFC (mPFC), we focused on 2 types of Layer-5 pyramidal cells in the mPFC: prominent h-current (PH) cells and nonprominent h-current (non-PH) cells. We found that a 2-week social isolation after weaning leads to a specific deterioration in action potential properties and reduction in excitatory synaptic inputs in PH cells. The effects of social isolation on PH cells, which involve reduction in functional glutamatergic synapses and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/N-methyl-D-aspartate charge ratio, are specific to the 2 weeks after weaning and to the mPFC. We conclude that juvenile social experience plays crucial roles in the functional development in a subtype of Layer-5 pyramidal cells in the mPFC. Since these neurons project to subcortical structures, a deficit in social experience during the critical period may result in immature neural circuitry between mPFC and subcortical targets.
Introduction
Juvenile social isolation and neglect adversely affect adult cognitive function as well as sociality and emotion in human (Egeland et al. 1983; Pollak et al. 2010; Bos et al. 2011) . Studies of children raised in institutions showed that social deprivation results in reduced metabolic activity in the temporal and frontal forebrain regions including the medial prefrontal cortex (mPFC) (Chugani et al. 2001) , and alterations in white matter tracts, suggesting a histological abnormality in association fibers connected with the mPFC (Eluvathingal et al. 2006) . These institutionalization-related sequelae are not reversed by subsequent foster care placement (Chugani et al. 2001; Eluvathingal et al. 2006) .
In a previous study, we showed that mice isolated for 2 weeks immediately after weaning develop deficits in mPFC-related behaviors and hypomyelination in deep layers (layers 5 and 6) of the mPFC, which do not improve with reintroduction into a social environment. These data suggest that PFC dysfunction induced by social isolation is correlated with hypomyelination in deep layers of the mPFC (Makinodan et al. 2012) . Consistently, Liu et al. (2012) had similar observations. Given these findings, it is likely that social isolation leads to physiological changes in mPFC neuronal circuits, since myelination is a crucial mechanism determining conduction velocity to modify the neuronal connectivity of neural circuit by optimizing the timing of action potential arrival (Fields 2015) , or sufficient excitation of neurons is needed for oligodendrogenesis and myelination (Wake et al. 2011; Gibson et al. 2014) . To elucidate how social isolation alter mPFC circuit function, focusing on excitatory neurons, we investigated the effects of social isolation during the juvenile period on excitatory synaptic activity and intrinsic excitability of Layer-5 (L5) pyramidal cells in mouse mPFC.
Cortical L5 pyramidal cells consist of heterogeneous neurons projecting their axons to different cortical and subcortical areas. Recent studies have revealed that L5 projection neurons with different subcortical targets have different morphological and electrophysiological properties in rodent parietal associative/visual cortex (Christophe et al. 2005) , somatosensory cortex (Hattox and Nelson 2007) , and medial agranular and anterior cingulate cortex (Morishima and Kawaguchi 2006; Kawaguchi 2008, 2011) . Similar classification is also applicable to L5 pyramidal cells in the rodent mPFC (Dembrow et al. 2010; Gee et al. 2012; Seong and Carter 2012; Lee et al. 2014; van Aerde and Feldmeyer 2015) . These studies have shown that L5 pyramidal cells in the PFC can be classified into at least 2 populations. One subtype projects to subcortical regions, has thicker apical dendrites, greater number of primary branches and displays prominent hyperpolarization-activated cation currents (I h ), while the other projects to the contralateral cortex, has thinner apical dendrites and lacks prominent I h (Dembrow et al. 2010; Gee et al. 2012) . It has also been reported that these 2 types of L5 pyramidal cells differ in their synaptic inputs and in their respective expression of dopamine receptors (Gee et al. 2012; Seong and Carter 2012) , suggesting that they play distinct physiological roles. Responses to sensory experience might also vary by subtype of L5 pyramidal cells.
To investigate the effects of social isolation on mPFC circuits, we tested the effects of social isolation on the function of the different subpopulations of excitatory neurons. We found that exposure to 2 weeks of social isolation immediately after weaning reduces the intrinsic excitability, firing responsiveness, and excitatory synaptic activity specifically in one specific subtype of L5 pyramidal cells in mouse mPFC and that the normal physiological properties are not restored by reintroduction to a social environment.
Material and Methods

Mice and Housing Conditions
All experiments were approved by the animal care and use committee of the Nara Medical University and conducted according to its guidelines. In the experiments, we used male C57/BL6 mice. All mice were maintained in a fixed 12-h light-dark cycle. After weaning at postnatal day 21 (P21), the 4 male littermates were randomly divided into 1 isolated mouse and 3 group-reared mice. The isolated mouse was individually housed from P21 to P35 (early isolation) or from P35 to P49 (late isolation). In the nonisolated period, the isolated mouse was housed with its 3 littermates until P65. We adopted this possibly generous resocialization procedure in which the isolated mouse was housed together with his group-reared littermates-as had been the case before the isolation period-instead of with other isolate-housed (IH) mice Makinodan et al. 2012; Whitaker et al. 2013) , since exposure to group-reared littermates should be preferable social stimuli to the isolated mouse over previously isolated littermates.
Electrophysiology
Brain slices, including the medial frontal cortex (prelimbic and infralimbic cortices), were prepared from 63 to 70 day-old mice. The mouse was deeply anesthetized with isoflurane and decapitated. The brain was quickly removed and immersed in ice-cold sucrose-based solution bubbled with a mixed gas of 95% O 2 /5% CO 2 , containing (in mM): sucrose 230, KCl 2.5, NaHCO 3 25, NaH 2 PO 4 1.25, CaCl 2 0.5, MgSO 4 10, D-glucose 10. The frontal cortex was sectioned into 330 µm-thick slices in the coronal plane, using a vibrating tissue slicer (Vibratome 1000 Plus 102, Pelco International). Slices were incubated for at least 60 min in a chamber filled with a standard artificial cerebrospinal fluid (ACSF) continuously bubbled with a mixed gas, containing (in mM): NaCl 125, KCl 2.5, NaHCO 3 25, NaH 2 PO 4 1.25, CaCl 2 2.0, MgCl 2 1.0, and D-glucose 25 at 32°C, and then maintained in the ACSF at 25°C. Following incubation, the slice was transferred to a recording chamber, where the submerged slices were superfused at a flow rate of 2 mL per min with the ACSF saturated with the mixed gas at 32°C.
Cells were visualized using an upright microscope (BW50WI, Olympus) equipped with infrared illumination and differential interference contrast videomicroscopy. L5 pyramidal cells were voltage-or current-clamped in the conventional whole-cell configuration, using Multiclamp 700 A amplifier (Axon Instruments). Patch pipettes were pulled from borosilicate glass, and filled with an intracellular solution containing (in mM) 141 K-gluconate, 4 KCl, 2 MgCl 2 , 2 Mg-ATP, 0.3 Na 2 -GTP, 0.2 EGTA, 10 HEPES, pH 7.25 with KOH. The calculated Cl − equilibrium potential is −74 mV at 32°C. All membrane potentials reported here were corrected for 13 mV liquid junction potential measured according to the method of Neher (1992) . Data acquisition and stimulation were controlled by Signal 4 software with Power 1401 interface equipment (Cambridge Electronic Design).
Voltage-Clamp Recording
In voltage-clamp recording, the pipette capacitance was compensated and series resistance was continuously monitored and not compensated. Only recordings with a stable series resistance of <20 MΩ were used for analysis. Current signals were low-pass filtered at 600 Hz and digitized at a sampling frequency of 10 kHz. To record excitatory postsynaptic currents (EPSCs), pyramidal cells were held at -70 mV. In our experimental condition, GABA A receptor-mediated postsynaptic currents were outward and too small to be detected in most events, whereas EPSCs were detected as definite inward currents. Spontaneous EPSCs were recorded in the ACSF with no GABA A receptor antagonists to maintain both excitatory and inhibitory neuronal activity in the slice. Tetrodotoxin (TTX)-resistant miniature EPSCs (mEPSC) were recorded in the presence of 10 μM gabazine and 1 μM TTX. To record evoked EPSCs (eEPSCs), we electrically stimulated the cell using a pipette fabricated with theta-type capillary glass pulled to an open tip diameter of 3-5 µm and filled with ACSF. A silver bipolar electrode inserted into the theta pipette was connected to an A365 stimulus isolation unit (World Precision Instruments) commanded by transistor-transistor logic compatible pulses. The stimulation pipette was typically placed in Layer 5 at 100-200 μm apart from the soma of the recorded pyramidal cell. A constantcurrent stimulus (50 μs in duration) was delivered at 0.2 Hz.
Current-Clamp Recording
In the current-clamp recordings, series resistance was monitored and canceled using a bridge circuit, and pipette capacitance was compensated. Voltage signals were low-pass filtered at 10 kHz and digitized at 20 kHz. The baseline membrane potential was maintained near -70 mV with a current injection.
To examine action potential and subthreshold membrane properties, we recorded membrane potential responses to hyperpolarizing and depolarizing current pulses (500 ms in duration).
Data Analysis
We analyzed sEPSCs and mEPSCs using Mini Analysis software (Synaptosoft). For each cell, all events for 5 min (sEPSC) or 10 min (mEPSC) were detected and analyzed. We used scatter plots for the data of intrinsic membrane properties to show the variation in an explicit fashion. The horizontal bar represents the mean (Figs 1D,F-I, 3D,G-I, and 5B-D,J-L). Except for intrinsic membrane properties, data were presented as mean ± standard error of the mean (SEM), and standard bar charts or line plots were used. The statistical analysis was performed with PASW Statistics 18 (SPSS Japan). Statistical differences were determined with Student's t-test or 2-factor analysis of variance (ANOVA), followed by Tukey's honest significant difference (HSD) test. For repeated-measures data, multivariate analysis of variance (MANOVA) was used in cases where the variance/ covariance matrix cannot be regarded as a circular one or the assumption of equality between the variance/covariance matrices was rejected. Distributions of the sag-R of L5 pyramidal cells were analyzed by Kolmogorov-Smirnov test. Differences between group means were considered significant, if P < 0.05.
Results
Characterization of mPFC Layer-5 Pyramidal Cell Subtypes by I h -Induced Sag
In order to classify L5 pyramidal cells in the mPFC into 2 subtypes, we first recorded the membrane potential of the L5 pyramidal cells in current-clamp mode under the whole-cell configuration (Fig. 1A) . We assessed the magnitude of I h by measuring the voltage sag at hyperpolarization caused by a current injection of -50 pA (Fig. 1B , black arrow) and calculating a sag ratio (sag-R = b/a × 100, Fig. 1B ). We defined cells with more than 5% of sag-R as prominent I h (PH) cells and the other cells as nonprominent I h (non-PH) cells. Recently, Lee et al. (2014) defined the subtypes of L5 pyramidal cells by a similar method with the combined value of currents including I h -induced sag . Our classification by the sag ratio agreed well with the combined value used by Lee et al. (2014) (observed proportional agreement: 0.937, Cohen's kappa coefficient: 0.874) (see Supplementary Fig. 1 ). Our PH and non-PH cells corresponded to Lee's Type A and Type B L5 pyramidal cells, respectively. Similar to findings in previous reports, PH cells typically had a thick-tufted apical dendrite with many branching points (Fig. 1B) , whereas non-PH cells had a simpler dendritic tuft (Fig. 1C ) (Dembrow et al. 2010; Gee et al. 2012; Seong and Carter 2012) .
To characterize the functional properties of the 2 types, we compared the intrinsic membrane properties of PH and non-PH cells. We found that PH cells fire at a significantly higher spike frequency during a 100-pA current injection than non-PH cells ( Fig. 1D ; PH: 23.90 ± 1.06 Hz, n = 19, non-PH: 19.53 ± 1.18 Hz, n = 34, Student's t-test: P < 0.05), and in comparison with the rate of increase in spike frequency to the increase in injected current, PH cells show a significantly higher increment rate than non-PH cells had ( Fig. 1E ; MANOVA, P < 0.001). PH cells also have a significantly lower spike threshold ( Fig. 1F ; PH: −39.46 ± 0.68 mV, n = 19, non-PH: −35.71 ± 0.65 mV, n = 33, Student's t-test: P < 0.0005) and larger spike amplitude ( Fig. 1G ; PH: 83.36 ± 2.94 mV, n = 19, non-PH: 75.16 ± 1.79 mV, n = 34, Student's t-test: P < 0.05) than non-PH cells. In addition, PH cells have a significantly lower input resistance than non-PH cells ( Fig. 1H ; PH: 74.07 ± 10.46 MΩ, n = 28, non-PH: 112.55 ± 11.70 MΩ, n = 30, Student's t-test: P < 0.01).
These differences in membrane properties are consistent with previous reports (Dembrow et al. 2010; Gee et al. 2012; Seong and Carter 2012) . Furthermore, we noticed that most PH cells have a depolarizing afterpotential (DAP) (Fig. 1B , white arrow), as observed in regular spiking neurons with a large voltage sag (van Aerde and Feldmeyer 2015) . PH cells have a significantly larger DAP than non-PH cells ( Fig. 1I ; PH: 1.25 ± 0.43 mV, n = 11, non-PH: 0.22 ± 0.06, n = 30, Student's t-test: P < 0.001). These data suggest that the PH cells have membrane properties that are distinct from those of non-PH cells and validate the classification of L5 pyramidal cells by means of the sag-R.
PH Cells Receive More Excitatory Synaptic Inputs than Non-PH Cells
To further characterize the 2 L5 pyramidal cell subtypes in the mPFC, we compared excitatory synaptic inputs onto PH cells with those of non-PH cells by recording their spontaneous EPSCs (sEPSCs) ( Fig. 2A) . To observe sEPSCs under their natural conditions in the presence of both excitatory and inhibitory activity, we did not add GABA A receptor antagonist into the ACSF. Instead, to eliminate inhibitory postsynaptic currents (GABA A -PSCs) at the holding potential (−70 mV), we adjusted the chloride ion concentration in the internal solution. We found no difference in the mean amplitude of sEPSCs between PH cells and non-PH cells ( Fig. 2B , right; sEPSC amplitude, PH: 17.75 ± 1.86 pA, n = 11; non-PH: 15.06 ± 1.66 pA, n = 30, Student's t-test: P = 0.37), but PH cells had a significantly higher sEPSCs frequency than did non-PH cells ( Fig. 2B , left; sEPSC frequency, PH: 2.04 ± 0.45 Hz, n = 11; non-PH: 1.10 ± 0.21 Hz, n = 30, Student's t-test: P < 0.05).
To further differentiate the cell subtypes, we analyzed TTXresistant mEPSCs, which represent the excitation-independent quantal transmitter release onto the recorded neuron. The frequency of mEPSCs recorded from L5 pyramidal cells in the mPFC was significantly higher in PH cells than in non-PH cells ( Fig. 2D , left; mEPSC frequency, PH: 1.32 ± 0.12 Hz, n = 23; non-PH: 0.94 ± 0.13 Hz, n = 25, Student's t-test: P < 0.05). Furthermore, the mean amplitude of mEPSCs was also significantly larger in PH cells than in non-PH cells ( Fig. 2D , right; mEPSC amplitude, PH: 12.73 ± 0.61 pA, n = 23; non-PH: 9.61 ± 0.56 pA, n = 25, Student's t-test: P < 0.0005). In addition to the previously reported differences in cell subtype membrane properties, these results demonstrate that PH cells receive more and stronger excitatory synaptic inputs than non-PH cells.
Social Isolation During the Juvenile Period Changes Action Potential Properties of PH Cells But Not those of Non-PH Cells
Our previous study indicated that social isolation during a brief period of juvenile life (postnatal days 21-35) has dramatic effects on mPFC myelination and that these effects are not reversed by subsequent resocialization for 4 weeks (Makinodan et al. 2012) . As in our previous study, in the present experiment, we adopted the 2-week period after weaning as the "early social isolation period." At the time of weaning at P21, every 4 male littermates were randomly divided into 1 IH mouse and 3 group-housed (GH) mice. In this study, we refer to the mice reared in isolation during the early isolation period as early IH (E-IH) mice. After the isolation period, the E-IH mouse was again reared together with his 3 GH littermates (Fig. 3A) . The electrophysiological examinations of E-IH mice were performed after a resocialization period of at least 4 weeks.
Analysis of membrane properties of L5 cells showed that early social isolation had no effect on the sag-R distribution of the whole population of L5 pyramidal cells ( Fig. 3B ; Kolmogorov-Smirnov test, P = 0.48), suggesting that both types of cells were equally represented in GH and E-IH mice. However, PH cells of E-IH mice fired at a significantly lower spike frequency during a 100-pA current injection than those of GH mice ( Fig. 3D ; Tukey's HSD test: P < 0.001), whereas spike frequency of non-PH cells was not affected ( Fig. 3D ; Tukey's HSD test: P = 0.73). Comparing spike frequencies with increasing injected current, we found no significant difference for non-PH cells between GH mice and E-IH mice ( Fig. 3E ; MANOVA, P = 0.655), but PH cells in E-IH mice showed a significantly lower increment rate in spike frequency than those of GH mice ( Fig. 3F ; MANOVA, P < 0.001). These results indicate that social isolation leads to a reduction in responsiveness to excitatory current inputs in PH cells but not in non-PH cells. We also found a significantly higher spike threshold for PH cells in E-IH than those in GH mice ( Fig. 3G ; Tukey's HSD test: P < 0.005), although there was no significant difference in spike amplitude in PH cells between these 2 groups of mice (Fig. 3H) . Social isolation had no effect on input resistance of either PH or non-PH cells (Fig. 3I) . These results suggest that early social isolation reduces intrinsic excitability and firing responsiveness only in PH cells of the mPFC.
Social Isolation During the Juvenile Period Decreases Excitatory Synaptic Inputs Onto PH Cells
It is well established that synaptic connections and intrinsic excitability of neurons are controlled by homeostatic mechanisms that maintain stable neuronal function (Davis 2013 ).
Therefore, social isolation-induced low excitability of PH cells might be compensated for by increased synaptic inputs onto PH cells. Alternatively, decreased excitatory synaptic inputs induced by social isolation might result in lower excitability of PH cells in an activity-dependent fashion. To test these possibilities, we recorded sEPSCs and investigated the cell-typespecific effect of social isolation on excitatory synaptic inputs onto L5 pyramidal cells. A significant reduction in the frequency of sEPSCs was found in isolated mice only for PH cells ( Fig. 4B , left; Tukey's HSD, PH: P < 0.01, non-PH: P = 0.57). There was no significant difference in sEPSC amplitude for either PH or non-PH cells between GH mice and E-IH mice (Fig. 4B, right) . We also analyzed mEPSCs of L5 pyramidal cells and found that mEPSC frequency was reduced by isolation in PH cells but not in non-PH cells (Fig. 4D , left; Tukey's HSD, PH: P < 0.05, non-PH: P = 0.50). Social isolation had no effect on mEPSC amplitude in either PH cells or non-PH cells (Fig. 4D, right) . These results suggest that early social isolation decreases excitatory inputs onto PH cells but not onto non-PH cells.
Social Isolation Affects PH Cells Excitability Only in the Early Juvenile Period and Preferentially in the mPFC
Our previous study revealed that 4 weeks of social isolation after P35 did not affect PFC function and myelination (Makinodan et al. 2012) . Therefore, we examined whether late social isolation (L-IH) from P35 to P49 affects action potential properties and excitatory synaptic inputs in L5 pyramidal cells of the mPFC (Fig. 5A) . We found no difference in spike threshold (Fig. 5B) , spike frequency during a depolarizing current injection (Fig. 5C) , and spike amplitude (Fig. 5D ) between L-IH and GH mice in either PH cells or non-PH cells. We also found no difference in the frequency or amplitude of sEPSCs (Fig. 5E,F) or mEPSCs (Fig. 5G,H) between L-IH and GH mice. These results suggest that P21-P35 is a period during which the physiological properties of mPFC PH cells are specifically sensitive to social isolation.
We also tested whether this early juvenile period was also critical for inducing behavioral abnormalities and whether the resocialization could recover from the social isolation-induced behavioral alterations. One of the most commonly observed behavioral alterations induced by social isolation is an impairment in prepulse inhibition (PPI) of the acoustic startle response (Fone and Porkess 2008) . We thus measured PPI in E-IH and L-IH mice and compared their performances with those of their corresponding GH littermates. E-IH mice showed significantly lower levels of PPI at 69 and 81 dB prepulse intensities than did GH littermates, but lower levels of PPI were not exhibited at 73 dB (see Supplementary Fig. 2A) .
We also revealed significant differences in the habituation of the startle response. E-IH mice showed no change in response magnitude across successive trials, whereas GH mice exhibited an apparent habituation ( Supplementary Fig. 2B ). On the other hand, we found no significant differences in PPI ( Supplementary Fig. 2C ) or in habituation of acoustic startle Figure 3 . Early social isolation alters the action potential properties of the PH cell but not the non-PH cell. (A) Experimental design for early social isolation (E-IH: bred alone during P21-35, red), and GH mice. Before and after isolation, an isolated mouse was bred together with his group-reared littermates. (B) The cumulative distribution of sag ratio of the whole mPFC L5 pyramidal cells for GH and E-IH mice. There was no significant difference between GH and E-IH mice in the distribution of sag ratio of the whole mPFC L5 pyramidal cells. (C) Representative spikes elicited by a current injection of 100-pA larger than the rheobase recorded from the PH cell (right) and from non-PH cells (left) in GH mouse and E-IH mouse. (D) For PH cells, spike frequency at a current injection of 100-pA larger than the rheobase in E-IH mice was significantly lower than that in GH mice (right), but there was no significant difference between E-IH and GH mice in non-PH cells (left). (E) For non-PH cells, there was no significant difference between E-IH and GH mice in spike frequency during the current injections of incrementally increasing intensity. (F) For PH cells, spike frequency during the current injection in E-IH mice increased less steeply with the increased intensity than that in GH mice. (G) For PH cells, spike threshold in E-IH mice was significantly higher than that in GH mice, whereas for non-PH cells there was no significant difference in spike threshold between E-IH and GH mice. (H) Both for PH and for non-PH cells, there was no difference in spike amplitude between GH and E-IH mice. (I) Both for PH and for non-PH cells, there was no significant difference in the input resistance between GH and E-IH mice. **P < 0.01, ***P < 0.001. Data are represented as mean and error bars indicate SEM.
response ( Supplementary Fig. 2D ) between L-IH and GH mice. These findings are in accordance with physiological alterations (i.e. deteriorations in action potential properties and reduced excitatory synaptic inputs) that specifically affected PH cells; 2 weeks of social isolation from the time of weaning is also critical in inducing aberrant behaviors that are irremediable, even by means of social interactions with GH littermates.
In our previous study, social experience-dependent reductions in the expression of 2 myelin genes-myelin basic protein and myelin-associated glycoprotein-were observed exclusively in the mPFC, which suggested that the effects of social isolation are region-specific (Makinodan et al. 2012) . To determine whether the deteriorations in action potential properties and the reduction in excitatory synaptic activity induced by social isolation are specific to mPFC pyramidal cells, we examined the effects of early social isolation on action potential properties and excitatory synaptic activity in L5 pyramidal cells of the somatosensory cortex, which should be involved in perceiving physical social actions. We did not find significant differences in spike threshold (Fig. 5J ), spike frequency (Fig. 5K) , or spike amplitude (Fig. 5L) between GH mice and E-IH mice for either PH or non-PH cells in the somatosensory cortex. Similarly, there was no significant difference in the frequency (Fig. 5M) or amplitude (Fig. 5N ) of the sEPSCs-or in the frequency (Fig. 5O) or amplitude (Fig. 5P ) of the mEPSCs-between GH mice and E-IH mice for either PH or non-PH cells in the somatosensory cortex. These results suggest that early social isolation preferentially affects action potential properties and excitatory synaptic activity of L5 pyramidal cells in the mPFC.
Social Isolation Reduces the AMPA/NMDA Charge Ratio and Functional Excitatory Synapses in PH Cells
To examine the mechanisms by which social isolation reduces the frequency of mEPSCs in PH cells, we measured eEPSC and analyzed the paired-pulse ratio (PPR) and coefficient of variation (CV) of the amplitude. The inverse squared value of CV was calculated and used as a standard measure to evaluate excitatory synaptic function. Alterations of PPR indicate changes in neurotransmitter release mechanisms from presynaptic terminals (Zucker and Regehr 2002) , whereas alterations in 1/CV 2 suggest changes in either the probability of transmitter release, the number of functional synapses, or both (Kullmann 1994) . We found no significant difference in PPR for either PH or non-PH cells between GH and E-IH mice (Fig. 6B) , indicating that presynaptic transmitter release mechanisms are unaffected by social isolation. In contrast, 1/CV 2 for PH cells in E-IH mice was significantly lower than that in GH mice ( Fig. 6C ; Tukey's HSD, P < 0.05). There was no significant difference in 1/CV 2 for non-PH cells between E-IH and GH mice ( Fig. 6C ; Tukey's HSD, P = 0.991). These results suggest that social isolation results in a decrease in the number of functional glutamatergic synapses on PH cells. To test the possibility that social isolation reduces the number of functional glutamate synapses, we analyzed the intensity-amplitude curves recorded from EPSC evoked by electrical stimulation with a current that was incrementally increased by 0.5 μA steps from the threshold intensity. PH cells in GH mice showed significantly larger eEPSC amplitude at +2.0 μA stimulus intensity than did those in E-IH mice ( Fig. 6E ; Tukey's HSD, P < 0.05) but not non-PH cells ( Fig. 6E ; Tukey's HSD, P = 0.993). In addition, in comparing the intensity-amplitude relationship, the slope of intensity-amplitude curve of PH cells in GH mice was steeper than that of PH cells in E-IH mice ( Fig. 6F , right; MANOVA, P < 0.05), whereas there was no significant difference for non-PH cells between GH mice and E-IH mice ( Fig. 6F, left ; MANOVA, P = 0.526). These findings also support the hypothesis that social isolation reduces the number of functional glutamatergic synapses only on PH cells. , and spike amplitude (L) between GH and E-IH for both PH and non-PH cells in L5 of the S1. (M-P) There was no significant difference in sEPSC frequency, sEPSC amplitude, mEPSC frequency and mEPSC amplitude between GH and E-IH for PH and E-IH in L5 of the S1.
In our recording conditions, most components of EPSC are assumed to be mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors but not N-methyl-D-aspartate (NMDA) receptors. Social isolation had no effect on mEPSC amplitude, indicating that there is no difference in the unitary strength of AMPA-receptor-mediated current per synapse between GH and E-IH. Generally, at an early developmental stage, a large population of excitatory synapses have NMDA receptors, but not AMPA receptors, and they show no postsynaptic response at the resting membrane potential; these are called "silent synapses" (Isaac et al. 1995; Liao et al. 1995; Durand et al. 1996; Wu et al. 1996) . These synapses are converted to functional synapses by the recruitment of AMPA receptors, which is promoted by NMDA-receptor activation during development (Isaac et al. 1997; Rumpel et al. 1998) . In an experience-deprived cortex, a much greater proportion of spines lack postsynaptic AMPA receptors, whereas synaptic connectivity via NMDA receptors is the same as in a normally developing cortex (Ashby and Isaac 2011) . Funahashi et al. (2013) have shown that rearing in darkness at an early developmental stage results in many silent synapses in adulthood (Funahashi et al. 2013 ). Thus, we considered the possibility that social isolation might prevent the conversion of silent synapses into functional ones via NMDA-receptor activation and the recruitment of AMPA receptors. If the number of silent synapses remaining in E-IH mice is greater than that in GH mice, the ratio of AMPAreceptor-mediated eEPSC to NMDA-receptor-mediated eEPSC should be less in E-IH than in GH mice. We estimated the charge ratio of the AMPA-receptor-mediated eEPSC 2 for eEPSC amplitude in E-IH mice was significantly lower than that in GH mice, whereas for non-PH cells there was no significant difference between E-IH and GH mice. (D) Representative averaged waveforms of EPSCs evoked by electrical stimulations at 3 different intensities in GH (left) and E-IH (right) mice. The stimulus intensity is expressed as an increment from the threshold current. (E) PH cells in E-IH mice showed smaller eEPSC amplitude at an intensity 2.0-µA higher than the threshold stimulus than those in GH mice, whereas for non-PH cells there was no significant difference between E-IH and GH mice. (F) Line plots showing the relationship between stimulus intensity (increment from the threshold current) and eEPSC amplitude for non-PH (left) and PH (right) cells. There were no significant differences in eEPSC amplitude between E-IH and GH mice throughout all the stimulation intensities for non-PH cells (left). For PH cells, eEPSC amplitude in E-IH mice increased less steeply with increased stimulus intensity than that in GH mice (right). (G) Representative traces for an averaged eEPSC waveform (control, thin black), its NMDA-receptor-mediated components (NMDA CNQX , gray), and AMPA-receptor-mediated components (AMPA SUB , blue). The electrical charge was estimated by integrating the waveform for a 150-ms period. (H) The AMPA/NMDA charge ratio of the eEPSC waveform in E-IH mice was significantly lower than that in GH mice for PH cells, but not for non-PH cells. *P < 0.05, **P < 0.01. Data are represented as mean and error bars indicate SEM.
waveform to an NMDA-receptor-mediated one (AMPA/NMDA charge ratio).
We initially recorded the eEPSC waveform (control PSC) in Mg 2+ -free ACSF to remove the Mg 2+ block of the NMDA receptor. We then added CNQX (10 μM) to the ACSF in order to block the AMPA receptor, and we recorded the eEPSC waveform (NMDA CNQX -PSC). We obtained the AMPA-receptor-mediated eEPSC waveform (AMPA SUB -PSC) by subtracting NMDA-PSC from the control PSC (Fig. 6G) (Rotaru et al. 2011) . The charge of the PSC waveform was calculated by integrating the waveform for 150 ms after the stimulus. For PH cells, the AMPA/NMDA charge ratio in E-IH mice was significantly smaller than that in GH mice ( Fig. 6H ; Tukey's HSD, P < 0.05), but there was no significant difference for non-PH cells between GH and E-IH mice ( Fig. 6H ; Tukey's HSD, P = 0.78). These results suggest that social isolation reduces the AMPA/ NMDA ratio only for PH cells and supports the hypothesis that social isolation might prevent experience-dependent conversion from silent to functional synapses onto PH cells in the mPFC.
Discussion
A number of studies have suggested that mPFC dysfunction is a key contributor to the behavioral abnormalities caused by social isolation during the early developmental period (Fone and Porkess 2008) . In our previous study, social isolation for 2 weeks after weaning induced prefrontal cortex dysfunction and hypomyelination (Makinodan et al. 2012) , which might be related to the activity of deep-layer pyramidal cells. However, the effects of social isolation on PFC neuron had not been physiologically investigated. By identifying mPFC L5 pyramidal cells on the basis of their 2 functional subtypes-using the magnitude of I h -induced voltage sag-we demonstrate that social isolation leads to deterioration in action potential properties and reduction in excitatory synaptic inputs specifically in cells showing prominent I h (PH cells) . Furthermore, we found that the 2 weeks after weaning is a sensitive period for these effects of social isolation, and that the mPFC is selectively susceptible to the social isolation. We, further, found that social isolation affects the functioning of glutamatergic synaptic connections onto PH cells.
The mPFC is an association area involved in higher cognitive and executive functions. Intra-, inter-areal, and subcortical inputs are fed to the superficial (Layer-2/3) pyramidal cells. The neural information is analyzed, integrated by neuronal activity within the local circuit, and the resultant neural messages are transmitted to other cortical areas and subcortical nuclei as the activity of deep (Layer-5/6) pyramidal cells. It has been known that L5 pyramidal cells consist of 2 different types of cells, those having a prominent I h and those lacking a prominent I h . Based on the magnitude of I h -induced voltage sag, we classified L5 pyramidal cells into 2 subtypes (PH cells and non-PH cells) and found that these subtypes have each different electrophysiological property, similar to previous studies' findings. In addition to these already described electrophysiological celltype differences, we appear to have newly discovered that PH cells receive more excitatory inputs than do non-PH cells.
We observed that social isolation during the critical period affected the excitatory synaptic inputs and intrinsic excitability specifically of pyramidal PH cells, causing the firing probability of PH cells to be lowered. Reduction in the firing probability of PH cells may impede the transmission of information from mPFC to subcortical regions. One of the subcortical regions to which PH cells project is the thalamic mediodorsal nucleus (MD), which has abundant reciprocal connections with the mPFC (Uylings et al. 2003) . It has been suggested that the synchronized oscillatory activity of the mPFC and MD is important for higher cognitive and executive functions (Parnaudeau et al. 2013) . Thus, it is plausible that the reduced firing probability of PH cells in the socially isolated animals disturbs the mPFC-MD synchronized oscillation and causes the associated behavioral abnormalities.
The common feature of excitatory connections in all neocortical areas is that the great majority of excitatory synapses onto a cell are derived from its neighboring excitatory cells within the area Martin 2004, 2007; White 2007) . These excitatory inputs comprise recurrent ones within the same layer as well as feed-forward and feed-backward ones from other layers. The majority of EPSCs that we recorded in this experiment may be derived from pyramidal cells within the mPFC, although we did not determine the source neurons. The excitatory interconnections among neocortical excitatory cells are believed to be crucial elements for neuronal computations such as the signal amplification and restoration. It is possible that social isolation reduces excitatory interconnections among mPFC pyramidal cells, impedes the neuronal computations, and thus generates the behavioral abnormalities.
In this study, we found that social isolation reduced the frequencies of both mEPSC and sEPSC. Since changes in the activity of presynaptic cells are unlikely to alter the probability of TTX-resistant glutamate release, the reduced frequency of mEPSC in PH cells may be attributable to the decreased number of functional excitatory synapses. In addition, we found that social isolation increased the CV of eEPSC amplitude and made the slope of the intensity-amplitude curve for eEPSC a less steep one in PH cells. These results also support the hypothesis that social isolation reduces the number of functional synapses and causes insufficient mutual connections among excitatory cells. Consistent with this, histological studies have demonstrated that social isolation decreased the density of dendritic spines and synaptic-associated protein expression (Silva-Gómez et al. 2003; Hermes et al. 2011; Zhang et al. 2012) . We further discovered that social isolation decreased the AMPA/NMDA charge ratio in the eEPSC waveform, which may be due to blockage of the maturation of glutamatergic synapses. These findings suggest that social isolation during the critical developmental period from weaning to sexual maturation disturbs might crucial developmental processes in excitatory synapse functioning.
Neuronal activity derived from sensory experience may be relayed by various thalamic/cortical areas and transmitted to the mPFC. Therefore, social isolation can be regarded as a deprivation of multimodal sensory inputs that would be generated by social interactions among mice. However, the manner of alteration in the mPFC neuronal circuit induced by social isolation is quite different from alterations in sensory cortices by sensory deprivations. In studies of visual cortex, visual deprivation mostly altered the amplitude, but not the frequency, of mEPSC (Whitt et al. 2014) . Notably, visual deprivation procedures-in which almost all the eye-driven cortical activity was inhibited-were known to increase the mEPSC amplitude in Layer-2/3 pyramidal cells, which is believed to result from homeostatic regulation that conserves a proper level of the network activity. A similar result was also reported for L5 pyramidal cells (Keck et al. 2013) . In contrast to those experiencedependent changes in the visual cortex, we observed that social isolation reduced the frequencies of mEPSC and sEPSC and induced no change in their amplitudes in L5 pyramidal cells in the mPFC. Thus, the decrease in mEPSC and sEPSC frequencies are most likely a consequence of decreased number of functional synapses and the reduced firing probabilities of pyramidal cells, which flow excitatory signals into PH cells. In this way, it appears that the effects of social isolation on the mPFC neuronal circuitry are mediated by a mechanism different from that underlying visual deprivation. Social-contact deprivation may not result in a reduction in sensory input sufficient to cause an increase in homeostatic regulation of synaptic efficiency. This is consistent with our observation that social isolation failed to induce any alteration in mEPSC amplitude recorded from L5 pyramidal cells in the primary somatosensory cortex. Postweaning development of the mPFC neuronal circuitry may need coincident or correlated inputs derived from specific cortical and subcortical regions rather than a certain amount of total excitatory inputs.
We found that social isolation raises the firing threshold and lowers the firing responsiveness to depolarizing currents in PH cells, suggesting that the firing probability of L5 pyramidal cells is decreased in mice reared in social isolation. The low firing probability of some pyramidal cells can reduce the network excitatory activity in the mPFC. In our previous study, social isolation induced hypomyelination through altering neuregulin-1/ErbB3 signaling (Makinodan et al. 2012) . The cause-effect relationship between the isolation-induced neurophysiological and myelin alterations remains unclear. On the one hand, hypomyelination might lower the excitability of mPFC neurons, because lower degrees of myelination might result in requirements of large current to depolarize and to fire. On the other hand, given the observation that neuronal activity regulates myelination (Wake et al. 2011; Gibson et al. 2014) , the possibility that reduced mPFC neuronal activity due to social isolation impacts on the maturation of mPFC myelin cannot be dismissed.
In sensory deprivation research paradigms, it has been often shown that homeostatic plasticity work promotes the conservation of proper levels of network activity by increasing synaptic strength to compensate decreases in neural firing (Turrigiano 2008) . However, social isolation induces reductions in intrinsic excitability in parallel with decreases in excitatory synaptic inputs. A similar interdependent relationship may exist between the firing probability of neurons and density of synaptic connections onto the neurons, if the functioning of synapses is regulated by the Hebbian rule that the strengthening of a postsynaptic neuron's synaptic efficiency is determined by the frequency level of simultaneous excitation of the presynaptic and postsynaptic cells. Social isolation-induced decrease in the firing probability of both presynaptic and postsynaptic neurons may fail to facilitate the generation and maturation of synapses between the neurons within the mPFC. Resultant insufficient excitatory synaptic connections among neurons should in turn reduce the chance for the neuron to excite. It is probable that excitatory synaptic mutual connections within the mPFC are developed according to the Hebbian rule during the critical period from weaning to sexual maturation. After the critical developmental period, the mechanism modulating the strength of excitatory synaptic connections may be shifting to the homeostatic regulation to maintain the level of network excitatory activity at the end of the growing period for synaptic connections. Such a change in a modulation rule for excitatory synaptic connections provides a possible explanation for the fact that resocialization after the critical period fails to restore physiological and behavioral functioning to their pre-social-isolation functioning.
In addition to the possibility that loss of social contacts leads activity-dependently to dysfunction of PH cell, stress responses induced by social isolation could also affect the excitability and synaptic connections of PH cell in the mPFC through the activation of the hypothalamo-pituitary-adrenocortical (HPA) axis. The mPFC is a target for glucocorticoids involved in the stress response, and plays a role to regulate HPA axis activity by negative feedback (Jankord and Herman 2008) . Prolonged high dose exposure of glucocorticoids induces spine loss in prelimbic area of mPFC (Anderson et al. 2016) . Chronic administration of corticosterone reduces total apical dendritic branch length in mPFC (Liu and Aghajanian 2008) . Repeated stress impairs glutamatergic transmission in PFC pyramidal cells through glucocorticoid receptor activation (Yuen et al. 2012) . These studies suggest that increased glucocorticoid secretion could disturb the development of neural circuit in the mPFC. The excess of glucocorticoid secretion might be involved in the reduction of functional synapses on PH cell in our study. However, the effect of social isolation on basal corticosterone level was inconsistent in previous studies. The basal corticosterone level is increased (Gamallo et al. 1986 ), decreased (Sanchez et al. 1998) , or not affected (Holson et al. 1991; Schrijver et al. 2002) by social isolation. Further studies are needed to clarify the effect of social isolation on the HPA axis activation.
Layer-5 pyramidal cells in the mPFC have been known to be also pharmacologically heterogeneous. Layer-5 pyramidal cells expressing D2 receptor have prominent I h (Gee et al. 2012) , whereas those expressing D1 receptor do not have prominent I h (Seong and Carter 2012) . The excitability of Layer-5 pyramidal cells with prominent I h can be raised by the activation of D2 receptor (Gee et al. 2012 ). In addition, the firing properties of Layer-5 pyramidal cells with prominent I h are more readily modulated by adrenergic and cholinergic compounds than those without prominent I h (Dembrow et al. 2010) . These studies together with the present study suggest that pharmacological manipulations could enhance the excitability of PH cells and improve the function of mPFC to cure disorders induced by poor environment as social isolation. Although many researchers have focused on the role of neuromodulator such as dopamine, norepinephrine in the regulation of PFC function, further neuropharmacological studies based on the cell classification will be needed for understanding and therapy of mental illness such as autism and schizophrenia associated with less social contact during development.
Notes
